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We demonstrated self-patterned solution-processed amorphous oxide semiconductor thin-film transistors 
(TFTs) using photosensitive sol-gels. The photosensitive sol-gels were synthesized by adding p-diketone 
compounds, i.e., benzoylacetone and acetylacetone, to sol-gels. The chemically modified photosensitive 
sol-gels showed a high optical absorption at specific wavelengths due to the formation of metal chelate 
bonds. Photoreactions of the modified solutions enabled a photoresist-free process. Moreover, Zn-Sn-O 
with a high Sn ratio, which is hard to wet-etch using conventional photolithography due to its chemical 
durability, was easily patterned via the self-patterning process. Finally, we fabricated a solution-processed 
oxide TFT that included fully self-patterned electrodes and an active layer. 

The increasing demand for advanced displays, such as active matrix organic light- emitting diode (AMOLED) 
displays, drives the development of high-performance thin-film transistors (TFTs), which are required for 
their operation 1 ' 2 . Amorphous oxide semiconductor (AOS) -based TFTs are considered to be the most likely 
devices for next-generation displays due to their high mobility and transparency. Therefore, since the report of an 
In-Ga-Zn-O (IGZO) TFT in 2004, AOS TFTs have been widely investigated, culminating in the recent mass 
production of displays using vacuum-processed AOS TFTs 3-5 . However, solution-processed AOS (SAOS) TFTs 
have not been adopted industrially due to their poor film quality, uniformity, reliability, and performance despite 
their definite advantages of low cost and simple processing. Consequently, many approaches for improving the 
performance of SAOS TFTs have been reported 6 " 12 ; however, the manufacturing process has not been thoroughly 
investigated even though the cost and process efficiency are significant factors. Thus, in this study, we focused on 
maximizing the processing advantages of SAOS TFTs. 

The primary advantage of solution processing is that a photoresist (PR) -free self-patterning process can be 
applied by using a photosensitive sol-gel 13 " 15 ' 32 : The photosensitive sol-gel acts as a PR, which negates the need for 
a PR to obtain micro-patterns. Thus, by using this method, cost-effective process simplification could be realized 
by eliminating the PR required for conventional photolithography. Among the many approaches to synthesize 
photosensitive sol-gel, we used the one that involves the addition of P-diketone compounds such as benzoyla- 
cetone (1 -phenyl- 1, 3 -butanedione, BzAc) 13-19 and acetylacetone (pentane-2,4-dione, AcAc) 20-22 . By using P- 
diketone compounds in metal precursor solutions, photosensitive sol-gels were easily produced via the formation 
of metal chelate bonds. Previously, this method was studied for transparent conducting oxide (TCO) and 
ferromagnetic or insulator applications; however, it has not been applied to TFT device fabrication 13-22 . 

In this study, we introduce the characteristics and fabrication of self-patternable SAOS TFTs using P-diketone 
compounds. In order to fabricate the self-patternable SAOS TFTs, BzAc and AcAc were used as photo-activators 
for the synthesis of photosensitive sol-gels. We prepared a Zn-Sn-O (ZTO) material because Sn-based AOSs are 
more cost-efficient than In-based AOSs, which suffer from the limited natural abundance of In. Generally, Sn- 
based AOSs are hard to wet-etch to obtain fine patterns due to the high chemical durability of Sn-O 19 ' 21 . However, 
this problem was easily overcome by using the self-patterning method. Finally, we demonstrated both a fully self- 
patternable ZTO active layer and ITO source/drain (S/D) electrodes for TFTs. 

Results and discussion 

Figure 1 shows a schematic diagram of the formation of each metal chelate and the degradation mechanism of the 
metal salt precursors (MX n ; n = 4) with p-diketone compounds. The combination of MXn with P-diketone 
compounds, such as BzAc and AcAc, to synthesize a photosensitive metal precursor solution results in the 
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Figure 1 | Schematic diagram of the cross-linking mechanisms of (a) BzAc and (b) AcAc in a metal precursor (MX n ) solutions. 



exchange of the X ligands, such as acetate (CH 3 COO"), nitrate 
(N0 3 ~), and chloride (Cl~), with P-diketonato ligands along with 
the formation of acid byproducts to form polymerized metal chelate 
bonds 23 . After chelate formation, the metal chelates have ring struc- 
tures with each metal ion surrounded with P-diketonato ligands, i.e., 
BzAc" or AcAc", as depicted in Figure 1. The metal chelate bonds 
with the p-diketonato ligands result in the unique photosensitivity of 
each sol-gel at a specific wavelength due to the tt — > re* electronic 
transition: Exposure of the chemically modified gel films containing 
P-diketone compounds to ultraviolet (UV) light of the proper wave- 
length causes the tt — ^ electronic transition to occur in each metal 
chelate bond. It has been reported that the excited electrons are 
partially redistributed to the oxygen side during the tt — > tt* elec- 
tronic transition, which reduces the coordination strength of 
between the metal cation and P-diketonato ligand bond. 
Consequently, the P-diketonato ligands dissociate from the metal 
cation and the metal chelate bonds gradually decompose due to 
UV irradiation 1718 . 

To observe these phenomena, we analyzed the optical absorption 
spectra using UV-Vis spectroscopy. As shown in Figure 2, the optical 
absorption changes of the ITO and ZTO gel films with BzAc and 
AcAc, which originate from metal chelation and cross-linking, are 
clearly evident. As the mole ratios of BzAc and AcAc in ITO and ZTO 
solutions, i.e., [BzAc] /[In + Sn] and [AcAc]/[Zn + Sn], respectively, 
increased, the absorbance of the ITO and ZTO gel films at 328 and 
308 nm, respectively, drastically increased; this increase is attributed 
to the formation of metal chelate rings composed of metal cations 
(i.e., In 3+ , Sn 2+ , Zn 2+ ), BzAc-, and AcAc-: In(BzAc)(N0 3 ) 2 , 
Sn(BzAc)Cl, Zn(AcAc)CH 3 COO, and Sn(AcAc)Cl 1618 ' 21 . It has been 
previously reported that metal chelate bonds involving BzAc and 
AcAc were resistant to hydrolysis 27 ; however, in both cases in this 
study, the increased absorption with the addition of BzAc and AcAc 
drastically decreased after UV irradiation for 10 min, indicating the 
decomposition of the metal chelate ring, as mentioned above. Thus, 
cleavage of the metal chelate bonds in complexes such as 
In(BzAc)(N0 3 ) 2 , Sn(BzAc)Cl, Zn(AcAc)CH 3 COO, and Sn(AcAc)Cl 
occurred due to the attenuation of the coordination strength during 
cross-linking. It should be noted that the dissociation of metal chelate 
bonds leads to the hydrolysis of ITO and ZTO films and thus con- 
tributes to the generation of fine patterns 16 " 22 . 

To clarify the photo-reactive behavior of the metal chelate bonds, 
Fourier transform infrared (FT-IR) spectra were measured for the 
ZTO gel films with AcAc. Since the metal chelate bonds comprise a 
coordination bond between the metal cation and the oxygen atoms in 
the P-diketonato ligands, the formation and dissociation of metal 
chelate bonds could be confirmed by observing changes in the 
absorption peaks derived from the metal oxygen vibrations in the 
FT-IR spectrum. It has been reported that the absorption band 
related to the metal-oxygen stretching vibration in metal chelate 



bonds is observed in the region below 700 cm 124 " 26 . As shown in 
Figure 3, the absorption peaks that are newly generated after the 
addition of AcAc to ZTO sol-gel were observed at 567, 572, 590, 
and 605 cm" 1 (numbers were bolded) comparing pristine ZTO gel 
film without AcAc. However, these peaks nearly disappeared after 
10 min of UV irradiation. And then, the peak spectra of the ZTO gel 
film with AcAc showed similar with pristine ZTO gel film, i.e., 553, 



(a) 



O 
O 

c 

JQ 

o 

</> 
-Q 

< 




300 325 350 375 400 425 450 



(b) 



Wavelength (nm) 



[AcAc]/[Zn+Sn] = 0 
[AcAc]/[Zn+Sn] = 0.33 
[AcAc]/[Zn+Sn] = 0.66 
[AcAc]/[Zn+Sn] = 1 
[AcAc]/[Zn+Sn] = 1 after 
365 nm irradiation for 10 min 




0.00 



300 325 350 375 400 425 

Wavelength (nm) 



450 



Figure 2 | Optical absorption spectra of the (a) ITO gel films as a function 
of [BzAc]/[In + Sn] and ITO gel films with [BzAc]/[In + Sn] of 2 after 
UV irradiation for 10 min, and (b) ZTO gel films as a function of [AcAc]/ 
[Zn + Sn] and ZTO gel films with [AcAc]/[In + Sn] of 1 after UV 
irradiation for 10 min. The optical absorption spectra were obtained via 
UV-Vis spectroscopy. 
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Figure 3 | FT-IR absorption spectra of the (a) pristine ZTO gel film, (b) 
ZTO gel film with [AcAc] /[In + Sn] of 0.33, and (c) ZTO gel film with 
[AcAc] /[In + Sn] of 0.33 after UV irradiation for 10 min. All samples 
were pre-annealed at 120°C to exclude solvent-related peaks. 

568, 582, and 615 cm" 1 . This indicates that decomposition of the p- 
diketone occurred under UV, which correlates with the UV-Vis 
spectroscopic results. 

Figure 4 shows scanning electron microscopy (SEM) images of the 
ITO and ZTO thin film patterns on Si substrate using the photosens- 
itive ITO and ZTO sol-gels. During UV irradiation, the dissociation 
of the chelate rings easily occurred in the ITO and ZTO gel films 17 . 
Thus, the UV-irradiated regions of the ITO and ZTO gel films 
become cross-linked, as shown in Figure 1, and become barely sol- 
uble in their own solvent. Due to the solubility differences between 
the irradiated and non-irradiated parts, negative-type patterns of 
ITO and ZTO thin films could be obtained. The minimum feature 
size of the ITO and ZTO thin films was ~5 um. 
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Figure 5 | (a) The variation of resistivity and carrier concentration of the 
ITO thin films as a function of [BzAc]/[In + Sn]. The transfer curves 
of the self-patterned ZTO TFTs as a function of (b) [AcAc]/[Zn + Sn] and 
(c) [BzAc]/[Zn + Sn]. The inset of (b) is the optical microscopy image of 
the self-patterned ZTO TFT. 
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Figure 4 | SEM images of the (a) ITO and (b) ZTO patterns obtained via the self-patterning process. 
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Figure 6 | Fully self-patterned SAOS TFTs with a self-patterned ZTO active layer and ITO S/D electrodes, (a) Schematic of the device structure 
and (b) optical microscopy images of the fabricated device, (c) Comparison of the transfer characteristics of the self-patterned ZTO TFTs with ITO and Al 
S/D electrodes, (d) Output characteristics of the self-patterned ZTO TFTs with ITO S/D electrodes. 



To verify the applicability of UV-patterned ITO and ZTO thin 
films for TFTs, the electrical characteristics of the films were evalu- 
ated as S/D electrodes and active layers, respectively. If the BzAc and 
AcAc moieties in the ITO and ZTO sol-gels are not completely 
decomposed and evaporated during annealing, they could leave 
organic residues that would degrade the electrical characteristics of 
the films 30 . For the ITO thin films modified with BzAc, the bulk 
carrier concentration and resistivity were measured as a function 
of [BzAc] /[In + Sn] using the Hall effect measurement. As shown 
in Figure 5(a), the electrical degradation of ITO thin film is evident as 
the increase of [BzAc]/[In + Sn]. As [BzAc]/[In + Sn] increases 
from 0 to 2, the bulk carrier concentration of the ITO thin film 
gradually decreases from 3.45 X 10 20 to 6.52 X 10 18 . Also, due to 
the decreased bulk carrier concentration, the resistivity of the ITO 
thin film increased from 1.1 X 10" 2 to 4.6 X 10" 2 Q-cm" 1 . The 
degradation of the electrical conductivity of the ITO thin films is 
attributed to the incomplete decomposition of the BzAc" ligands 
and insufficient volatilization of BzAc from the ITO thin films. If 
the metal chelate bonds are formed with P-diketone compounds, 
hydrolysis of the solution can be suppressed, because the particle 
growth from the monomers to oligomers that contain metal-oxy- 
gen-metal bridges hindered by the chelate bonds 27 " 29 . As shown in 
Figure 2, absorption due to metal chelate bonds remained after UV 
irradiation. Thus, the coordinated BzAc" ligands suppressed the 
hydrolysis and gelation of the ITO solutions resulting in insufficient 
ITO formation, which lowers the electrical conductivity. In the case 
of ZTO thin films modified with AcAc, ZTO TFTs were fabricated at 
350°C with varying [AcAc]/[Zn + Sn] to observe the effect on the 
ZTO TFTs. All the ZTO thin films with AcAc were patterned using 
the self-patterning process, except the pristine ZTO thin film, 



because ZTO thin films with a high Sn ratio (—33%) were difficult 
to pattern using the conventional wet-etching process. As shown in 
Figure 5(b), a slight degradation in the saturation mobility (|i sat ) of 
the ZTO TFTs was observed; This is not significant considering the 
overestimation of |i sat by fringing current in non-patterned pristine 
ZTO TFT. However, the electrical performance of the ZTO TFTs 
with BzAc was significantly lower than that of ZTO TFTs with AcAc, 
as shown in Figure 5(c). Detailed parameters of ZTO TFTs with BzAc 
and AcAc are shown in supplementary section (Table SI and S2). 
Since AcAc has lower boiling point (T bp = 140°C) than BzAc (T bp = 
263 °C), AcAc could be decomposed and evaporated easier than BzAc 
during the annealing process 15 . Thus, the organic residues that ori- 
ginate from AcAc were relatively insignificant compared to those of 
BzAc, and thus did not have as significant an effect on the electrical 
performance of the ZTO TFTs regardless of the amount of AcAc. 
These results are consistent with Cls XPS peaks of films with differ- 
ent additives (supplementary Figure S3) 30 . Also, it has been reported 
that the increase in the hydrolysis induction time after the addition of 
AcAc addition is ten times less than with BzAc 28 ; this implies that the 
hydrolysis of solutions containing AcAc is easier than those with 
BzAc and the suppression of hydrolysis during the sol-gel process 
would be diminished. Thus, AcAc is more suitable than BzAc as a 
photosensitizer in the ZTO active layer. 

Finally, a fully self-patterned SAOS TFT, i.e., both the S/D electro- 
des and active layer were fully self-patterned, was fabricated, as 
shown in Figure 6(a). The synthesized ITO and ZTO sol-gels were 
used as the S/D electrodes and active layer, respectively. The ITO 
solution with [BzAc] /[In + Sn] of 0.5 and the ZTO solution with 
[AcAc]/[Zn + Sn] of 0.33 were used to minimize the degradation of 
the electrical characteristics while guaranteeing the patternability of 
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the ITO and ZTO films. To prevent damaging the ZTO active layer 
during the subsequent ITO self-patterning process, the ITO S/D 
electrodes were deposited before the ZTO active layer was formed. 
Thus, the fully self-patterned SAOS TFT had a bottom-gate/coplanar 
structure and was highly transparent in all parts of the device except 
for the MoW gate electrodes, as shown in Figure 6(b). Figures 6(c) 
and (d) show the transfer characteristics and output characteristics of 
the fully self-patterned SAOS TFT, respectively. In comparison with 
the self-patterned ZTO TFT with sputtered Al S/D electrodes, degra- 
dation was observed in the fully self-patterned SAOS TFT and is 
attributed to increased contact resistance between the ZTO active 
layer and ITO S/D electrodes due to the inter- diffusion phenomenon 
and the Fermi level shift 31 . However, the fully self-patterned SAOS 
TFT showed clear switching characteristics. The fully self-patterned 
SAOS TFT had a saturation mobility of 0.03 cm 2 /V-s, an on/off ratio 
of 6.85 X 10 5 , a subthreshold swing (S.S) of 0.84 V/decade, and a 
threshold voltage (V th ) of 3.94 V. Also, the pinch-off and drain cur- 
rent (I ds ) saturation were clearly evident in the output characteristics 
of the device. We demonstrated self-patterned SAOS TFTs using 
photosensitive ITO and ZTO sol-gels modified with p-diketone 
compounds such as BzAc and AcAc. The chemically modified ITO 
and ZTO solutions showed increased optical absorbance at specific 
wavelengths due to the formation of metal chelate bonds to form 
In(BzAc)(N0 3 ) 2 , Sn(BzAc)Cl, Zn(AcAc)CH 3 COO, and Sn(AcAc)Cl 
complexes. Since the photosensitive ITO and ZTO solutions can act 
as PRs, an additional PR was not required to obtain micro-patterns of 
the ITO and ZTO thin films. Using the self-patterning method, ITO 
and ZTO patterns with 5 um resolution were obtained. Finally, we 
demonstrated a fully self-patterned ZTO TFT with ITO S/D electro- 
des; in this device, both S/D electrodes and the active layer were self- 
patterned, and the device showed clear switching characteristics with 
a |i sat of 0.03 cm 2 /V-s and an on/off ratio of 6.85 X 10 5 . This work 
suggests the potential of self-patterned SAOS TFTs, which would 
maximize the compatibility of solution processing with industry. 

Methods 

Synthesis of solutions. ITO solutions (0.3 M) were prepared by dissolving indium 
nitrate hydrate [In(N0 3 ) 2 -xH 2 0, Kojundo Chemical Laboratory Co.,Ltd., 99.95%] 
and tin(II) chloride [SnCl 2 , Aldrich, 99.99%] in 2-methoxyethanol (2-ME, Aldrich, 
99%), and ZTO solutions (0.3 M) were prepared by dissolving zinc acetate dihydrate 
[Zn(CH 3 COO) 2 -2H 2 0, Aldrich, 98%] and tin(II) chloride in 2-ME. The mole ratio 
between the two metal precursors of the ITO and ZTO solutions were fixed at 9 : 1 and 
2:1, respectively. After mixing, the ITO and ZTO solutions were stirred for 1 h at 
70°C, after benzoylacetone (1 -phenyl- 1, 3 -butanedione, BzAc, Alfa Aesar, 98%) and 
acetylacetone (pentane-2,4-dione, AcAc, Aldrich, 99%) were added to the ITO and 
ZTO solutions, respectively, to obtain the desired photo -reactive characteristics. To 
verify the effect of BzAc and AcAc on the ITO and ZTO thin films, the mole ratio of 
BzAc in the ITO solution (i.e., [BzAc] /[In + Sn]) was varied between 0 and 2, and the 
mole ratio of AcAc in the ZTO solution (i.e., [AcAc]/[Zn + Sn] ) was varied between 0 
and 1. The chemically modified ITO and ZTO solutions were then stirred for 1 h at 
room temperature. Finally, the ITO and ZTO solutions were filtered through a 
0.2 um syringe filter and aged for 24 h to form the chelating agents in the solutions. 

Self-patterning process. For the ITO films, the ITO solutions were spin-coated onto 
the prepared silicon substrate at 1500 rpm for 30 s. The ITO-coated samples were 
then pre-baked at 120°C for 5 min to evaporate the solvent. After pre-baking, the ITO 
gel films were hard-contacted to a photomask to obtain high-resolution patterns and 
then irradiated using a UV lamp (365 nm, 48 mW/cm 2 ) for 10 min. The UV- 
irradiated samples were then immediately leached in 2-ME for 2-5 min and rinsed 
with deionized (DI) water. During the leaching process, the UV-irradiated parts of the 
ITO gel films remained while the un-irradiated part dissolved into 2-ME, as 
mentioned above. Finally, the patterned ITO gel films were annealed at 500°C for 2 h 
in air. The process for the self-patterning of the ZTO and ITO films was the same 
except for the spin-coating conditions and annealing temperatures: The prepared 
ZTO solutions were spin-coated at 3000 rpm for 30 s, and the ZTO thin films were 
annealed at 350°C for 2 h in air. 

TFT fabrication. To identify the effects of the addition of AcAc to ZTO TFTs, ZTO 
TFTs with various [AcAc]/[Zn + Sn] were fabricated. The prepared ZTO solutions 
with AcAc were spin-coated at 1500 rpm for 30 s onto a silicon dioxide (Si0 2 ) layer 
(gate dielectric, 120-nm-thick) that was thermally grown onto a heavily boron (B) 
doped p-type silicon wafer (p + Si). The p + Si substrate was used as the gate 
electrode for the ZTO TFTs. To fabricate the active layer, the ZTO thin films (25-nm- 



thick) were formed using the patterning processes described above. After the 
formation of the ZTO active layer, aluminum (Al) S/D electrodes with a thickness of 
200 nm and a channel width/length (W/L) of 1000/150 um were deposited using the 
RF-magnetron sputtering method. The ZTO TFTs had conventional bottom-gate 
and top-contact structures. To fabricate the ZTO TFT with ITO S/D electrodes, a 200- 
nm-thick patterned MoW gate electrode was formed on a glass substrate that had a 
Si0 2 buffer layer. As the gate dielectric, a 120-nm-thick tetraethyl orthosilicate 
(TEOS) layer was deposited via plasma-enhanced chemical vapor deposition on the 
MoW patterns. A 25-nm-thick ZTO active layer was then formed on top of the TEOS 
layer using the self-patterning process mentioned above with an annealing 
temperature of 500°C for 2 h in air. After the formation of the ZTO active layer, 40- 
nm-thick ITO S/D electrodes were also formed using the patterning processes 
described above. 

Measurements and characterization. The characteristics of the fabricated ZTO 
TFTs were measured using a semiconductor parameter analyzer (Agilent, HP 4156C) 
in a dark room under ambient conditions. The transfer characteristics of the TFT 
devices were measured under a drain voltage (V ds ) of 10. 1 V and the gate voltage (V gs ) 
was swept from —30 to +30 V. The u sat was calculated using the following equation: 

I ds=^C iJ u sat (V gs -V th ) 2 , 

where C\ is the capacitance of the gate dielectric per unit area, W is the channel width, 
and L is the channel length. The threshold voltage (V t h) of the TFT devices was 
determined by extrapolating the linear line with the maximum slope in the V gs versus 
(I ds ) 1/2 plot. The S.S value was calculated using the following equation: S.S = 
log(dV gs /dI ds )10. Finally, the output characteristics were obtained by sweeping the 
V ds from 0 to 30 V under a V gs of ~ + 0-30 V. The optical absorbance of the ITO and 
ZTO thin films in the UV-Vis range were measured using a UV-Vis 
spectrophotometer (JASCO, V-650). The changes in the chemical bonding state were 
observed using an FT-IR spectrometer (Bruker, Vertex 70) with a ZnSe crystal 
attenuated total reflectance ( ATR) unit. The pattern images of the ITO and ZTO thin 
films were obtained via SEM (FEI, XL-30 FEG). The electrical characteristics of the 
ITO thin films were estimated using the Hall- effect measurement system with the 
four-point probing method (Ecopia, HMS-3000). To obtain valid Hall-effect results, 
we used the mean value of resistivity and Nb u ik of the ITO thin film obtained from 10 
times repeats per sample. The chemical properties of films were determined using X- 
ray photoelectron spectroscopy (XPS, ESCALAB 2201 XL, VG Scientific) using 
monochromatic Al Ka radiation (1486.6 eV) under ultra-high vacuum (2 X 10" 10 
Torr). 
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